Tumor susceptibility gene-101 (TSG101, yeast homologue vps23) is a protein with multiple roles in eukaryotic biology. As a member of the endosomal sorting complex required for transport 1 (ESCRT1), TSG101 recruits other proteins to maturing endosomes and assists in the formation of multivesicular bodies^[@ref1]−[@ref3]^ and many budding viruses.^[@ref4]^ TSG101 is also involved in cytokinesis,^[@ref5]^ and in mammals, TSG101 can act as a transcriptional regulator.^[@ref6]^ The numerous roles of TSG101 are facilitated through its four domains ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}): The N-terminal UEV domain recruits TSG101 to membrane proteins targeted for degradation,^[@ref7]^ the proline-rich region recruits TSG101 to the cytokinetic furrow,^[@ref5]^ the coiled-coil assembles most of the ESCRT1 complex,^[@ref8]^ and the steadiness (i.e., stability) box plays a role in forming the bridge between the ESCRT1 and ESCRT2 complexes.^[@ref8],[@ref9]^ Of these, the coiled-coil domain is also of significance in transcriptional regulation, as it is believed to interact with several transcription factors.^[@ref6],[@ref10]^ In spite of the growing body of literature identifying novel binding partners and previously unknown functions of TSG101, there is an incomplete picture regarding the structural thermodynamics of the TSG101 coiled-coil and its role in modulating the stoichiometry of interaction.

![Schematic of TSG101 domain organization. (A) The domains pictured here are scaled to their length and the domain of interest is expanded in (B) The coiled-coil construct used in this study comprises amino acids 229--304 of the native sequence (76 amino acids long plus 2 a.a. left by the N-terminal tag). Hydrophobic residues are colored green.](bi-2017-004698_0001){#fig1}

The coiled-coil of TSG101 (TSG101cc) has been crystallized as a homotetramer (PDB 3iv1), but its oligomerization state has yet to be established in solution. This issue is significant because contrary to the tetrameric form observed for TSG101cc in isolation, the solution and crystal structures of the ESCRT1 coiled-coil are heterotrimers of TSG101/vps23 (yeast homologue) and two binding partners.^[@ref8],[@ref11]^ We note that other coiled-coils have been shown to adopt different structures or oligomeric states in crystal and in solution form.^[@ref12],[@ref13]^ Furthermore, ongoing studies in our lab suggest TSG101cc can also form a heterodimer, with the human glucocorticoid receptor (to be published elsewhere). Biological regulation through the modulation of the oligomeric state of a protein has been reported in a number of other systems (morpheein proteins^[@ref14]^), including oligomerization of helix--loop--helix and coiled-coil peptides, interactions in the mothers-against-decapentaplegic family of proteins, the hepatitis B viral capsid protein, and porphobilinogen synthase among others.^[@ref15]−[@ref20]^ Here, we set out to determine the oligomeric state of TSG101cc in solution and to determine whether its oligomeric state is functionally modulated.

We show that TSG101cc in solution exists primarily as a tetramer that is in equilibrium with unfolded monomers. Despite the ability of TSG101cc to form heterotrimeric coiled-coils, no measurable homotrimeric (or homodimeric) species were observed. Thermal unfolding of TSG101cc as a function of protein concentration and pH provided access to the thermodynamic mechanism of stabilization of the tetramer. Furthermore, structural thermodynamic analyses of the TSG101cc tetramer and ESCRT1cc heterotrimer illuminates the structural basis of the tetramer stability and provides insight into the role of the homotetramer in regulating its hetero-oligomeric function.

Materials and Methods {#sec2}
=====================

Protein Expression and Purification {#sec2.1}
-----------------------------------

The sequence of our expression construct spans amino acids 229--304 of TSG101 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf), UniProt: Q99816). On the N-terminus is a 9xHis tag, followed by a TEV protease cleavage site and an extra serine. Competent BL21 DE3 pLysS cells were made in house and used for expression (Novagen strain). Growth proceeded in LB medium, with a 1 mM IPTG induction at an O.D.~600~ 0.6--1.2, followed by growth at 37 °C for 4 h or overnight at 16 °C. Little difference in expression was observed under these conditions. Cells were pelleted, washed with PBS, and lysed by sonication (20 mM Tris, 6 M Gdn, 20 mM imidazole, 500 mM NaCl, pH 8). After clearing of the lysate at 15 krpm for an hour, the lysate was purified using Ni-NTA. The His tag was cleaved off using TEV protease, and protein was passed over an anion exchange column followed by Ni-NTA. At this point TSG101cc was a single band by SDS-PAGE.^[@ref21]^ For differential scanning calorimetry (DSC), protein was purified further using size exclusion chromatography (SEC, HiLoad 16/600 Superdex 75 pg, GE).

For pyrene labeled protein, which was used only in analytical ultracentrifugation and fluorescence ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)), we utilized PMIA (*N*-(1-pyrenemethyl) iodoacetamide; Setareh biotech). Quikchange PCR was used to change a serine to a cysteine in our expression construct ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)). The serine in question is part of the N-terminal tag, not the native TSG101 sequence. This protein was purified as described above, dialyzed to labeling buffer (50 mM HEPES and 1 mM TCEP at pH 7.3), then labeled for 1 h at room temperature using 10 mol equiv of PMIA, relative to moles of protein, dissolved in DMSO. For efficient labeling, it was found that ∼5% DMSO was required in the final reaction mixture. Labeling was quenched using 10 mol equiv of DTT, relative to the moles of PMIA. This resulted in a turbid solution that was 0.2 μm filtered, then separated using SEC.

The first peak of SEC was consistently a mixture of TSG101cc with one or as many as three pyrene labels, as determined by mass spectrometry ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)). Iodoacetamide is known to react with amines, and attempts to prevent this by pH optimization did not succeed. However, the second peak we observed from SEC was consistently a mixture of singly labeled (∼66--80%) and unlabeled protein. This is what was used in all analytical centrifugation and fluorescence experiments described here.

The concentration of unlabeled protein was determined by its absorbance at 280 nm in guanidine, ε~TSG101cc~ = 5690 M^--1^ cm^--1^.^[@ref22]^ The concentration of PMIA labeled protein was determined by its absorbance at 345 nm (44 700 M^--1^ cm^--1^ Setareh Biotech). For PMIA labeled protein, extinction coefficients at other wavelengths were set relative to the 345 nm pyrene peak.

Circular Dichroism (CD) {#sec2.2}
-----------------------

For CD measurements, protein was dialyzed to 20 mM Na~2~HPO~4~ plus 50 mM NaCl and pH adjusted with HCl (6.7, 7.2, 7.5). All CD data shown here were gathered using an Aviv CD spectrophotometer and a 1 mm path length, quartz cuvette. Each wavelength scan was in 1 nm increments, with a bandwidth of 1 nm, from 250 to 195 nm. The thermal melt data shown are with 1 °C increments and a 2 min incubation at each step. All CD data were averaged for five seconds at each measurement and buffer signal was subtracted. Reversibility (often between 70 and 96%) was determined by remeasuring the signal at 222 nm and 20 °C. We obtained our best data by diluting the protein several hours beforehand and degassing the protein for 5 min before measurement.

Differential Scanning Calorimetry (DSC) {#sec2.3}
---------------------------------------

Protein was dialyzed to 20 mM PIPES and 200 mM NaCl and pH adjusted with NaOH (6.7, 7.2, 7.5). Data were collected with a microCal DSC at a scan rate of 1.5 °C per minute and duplicated with independent protein preparations and at least two scans. Repeated scanning of TSG101cc was highly reversible (∼99% refolded) as long as the final temperature was ≤ ∼73 °C (346 K). The data shown here have been scan rate normalized, buffer subtracted, and then normalized to the total concentration of monomeric protein. To circumvent baseline uncertainty in the native region that rendered determination of Δ*C*~*p*~ problematic, the Δ*C*~*p*~ was held constant at a value of 690 cal per K·mol of monomer based on the COREX analysis.

Analytical Ultracentrifugation (AUC) {#sec2.4}
------------------------------------

PMIA-labeled protein was dialyzed to 20 mM HEPES, 200 mM NaCl, and 1 mM TCEP and adjusted to a pH of 7.2 using NaOH. Data were collected at initial concentrations of 5, 9, and 18.2 μM pyrene-labeled TSG101cc, and the samples were loaded into epoxy centerpieces with sapphire windows (Spin Analytical). The Beckman XL-I was set to take absorbance measurements at 329, 336, and 345 nm. The three rotor speeds used were 29, 37, and 44 krpm, and final equilibrium took about 18 h per rotor speed. The data were fit globally with several models using HeteroAnalysis (JL Cole and JW Lary of University of Connecticut Bioservices Center). Partial specific volume and solvent density were calculated using SEDNTERP (J Philo). The data were replicated using a separate protein preparation that yielded fitted values within error of those presented here.

COREX/BEST Calculations {#sec2.5}
-----------------------

Per-residue stability analysis of TSG101cc proceeded in a manner largely described before for other proteins.^[@ref23]−[@ref25]^ In this work, we used a window size of eight residues and 100 000 Monte Carlo simulations per partition. The entropy weighting factor was set to 1.029 to make the maximal residue stability roughly match our CD data at 150 μM protein and a pH of 7.2. We used H++ to calculate p*K*~a~'s for titratable residues, and used this as input for a pH dependent COREX/BEST calculation.^[@ref26]^ Solvent accessible surface area calculations were made with a 1.4 Å rolling ball from a subroutine of COREX,^[@ref27]^ and subsequent thermodynamic analyses proceeded similarly to the manner described by others before.^[@ref28]−[@ref30]^

Results {#sec3}
=======

Circular Dichroism Reveals α-Helical Structure {#sec3.1}
----------------------------------------------

Circular dichroism (CD) was used to investigate the secondary structure of TSG101cc. As [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} reveals, and consistent with the crystal structure, TSG101cc is indeed highly α-helical at low temperatures, as indicated by the strong peaks in negative ellipticity at 208 and 222 nm. Heating of the TSG101cc from 4--68 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) resulted in a thermally induced conformational transition in which the α-helical content was lost, giving way to a CD spectrum that is essentially invariant above 56 °C and which corresponds to the expected spectrum of a disordered polypeptide ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Analysis of the temperature-dependent transition reveals an isodichroic point at ∼204 nm, which suggests that the thermal transition, to a first approximation, involves just two states. Consistent with this observation, further analysis of the temperature dependence of the CD spectra using singular value decomposition (SVD)^[@ref31],[@ref32]^ reveals that just two singular values can explain 97.7% of the variation in the data ([Supplementary Figure 5](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)).

![Circular dichroism wavelength scan of a temperature melt of TSG101cc. The data have an iso-dichroic point at ∼204 nm, highlighted by the arrow. This particular data set is from 24 μM protein that refolded to 72% of its original signal at 20 °C. The start (4 °C) and end (68 °C) point temperatures are labeled. The intermediate temperatures after 4 °C: 14°, 20°, 26°, 32°, 38°, 44°, 50°, 68 °C. Two temperatures, 56° and 62 °C, are omitted for clarity because they overlapped with the 68° scan.](bi-2017-004698_0002){#fig2}

To determine whether changes in the degree of oligomerization are associated with the conformational transition, thermal unfolding experiments were performed at various protein concentrations.^[@ref33],[@ref34]^ The data were fit globally with respect to temperature, concentration, and pH using the following two-state, simultaneous dissociation, and unfolding scheme:where *N*~*n*~ is the folded oligomer, *n* is the stoichiometry, *K* is the equilibrium constant, and *U* is the unfolded monomer (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf) for derivation of the associated equations^[@ref35]^).

As [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} reveals, both protein concentration and pH affect the temperature dependence of the mean residue ellipticity (\[θ\]~MR, 222 nm~). The increase in apparent transition temperature (*T*~m~) with concentration reveals that unfolding decreases the degree of oligomerization. The shift of the apparent *T*~m~ (for a given protein concentration) to lower temperatures with increasing pH suggests that the α-helical oligomeric state binds protons more tightly than the unfolded state. Specifically, the average number of protons lost upon unfolding the protein can be determined using the expression:^[@ref36]^where Δ*n* is the change in the number of protons bound and d*T*°/dpH is the slope of a plot of *T*° versus pH. The data indicate a loss of ∼0.6 protons by each monomer upon unfolding, which corresponds to ∼2 protons per tetramer. The global fit of the data according to a two-state (folded tetramer to unfolded monomer) transition produced the parameters shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Fitted Thermodynamic Values for CD[a](#t1fn1){ref-type="table-fn"}

  pH    *T*° Kelvin   Δ*H*° kcal/mol   Δ*C*~*p*,~ cal/(mol\*K)   average Δ*n*~protons~ calculated
  ----- ------------- ---------------- ------------------------- ----------------------------------
  6.7   350.4 ± 3.4   56.5 ± 9.8       675 ± 421                 --0.64
  7.2   347.1 ± 3.4                                              --0.65
  7.5   345.4 ± 3.4                                              --0.66

Five concentrations from 25 to 150 μM were used at each pH. Globally fitted values are presented with 95% confidence intervals of the fit and are with respect to moles-monomer. The change in protons bound was calculated with [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. We note that Δ*C*~*p*~ was determined from the temperature dependence of Δ*H* obtained at the different pH values. The fitted Δ*H*° is the intrinsic enthalpy of unfolding where Δ*S*~translation~ = 0, and is thus shared for all pH values.

![Circular dichroism thermal melt at multiple pH's and concentrations. μM concentrations and pH are marked alongside each data set. The best fits are plotted over the data points and the residuals are plotted below each data set. Refolding for 10 min at 20 °C yielded 70--96% of the original signal.](bi-2017-004698_0003){#fig3}

Differential Scanning Calorimetry (DSC) {#sec3.2}
---------------------------------------

To further analyze the thermodynamics associated with the thermally induced unfolding-dissociation transition, DSC was performed on TSG101cc as a function of concentration and pH. Because DSC directly monitors the heat associated with the thermally induced transition, it is unique among experimental approaches in that it provides direct access to the partition function (i.e., the significantly populated states and their respective energies). Specifically, the unfolding and dissociation of an oligomeric protein *N*~*n*~ will be reflected in the shape of a DSC curve. Increasing *n* will cause an increase in the asymmetry and sharpness of a DSC curve,^[@ref35]^ and increasing the number of states will cause broadening and/or extra peaks.^[@ref37]^

Consistent with the results obtained from CD, analysis of the DSC thermograms reveals that TSG101cc exists as a tetramer that undergoes a cooperative unfolding/dissociation reaction with temperature ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Also similar to the CD experiments, lower concentrations and higher pH values were found to destabilize the TSG101cc tetramer. Because the *T*~m~ concentration dependence is logarithmic, the concentration-induced *T*~m~ shifts in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are subtler than those seen at the lower concentrations used in CD. Shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} are the average values from individual fits of the DSC data, using the same equations derived for the CD analysis ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)). Importantly, the DSC data are in general agreement with the CD data.

###### Fitted Thermodynamic Values for DSC[a](#t2fn1){ref-type="table-fn"}

  pH        *T*° Kelvin   Δ*H*° kcal/mol
  --------- ------------- ----------------
  6.7 (4)   358.9 ± 5.6   45.6 ± 1.6
  7.2 (4)   356.7 ± 8.4    
  7.5 (2)   355.9 ± 2.2    

Data were fit individually and averages of the fits are presented ± two standard deviations. Enthalpy is with respect to moles-monomer. Parentheses indicate the number of independent experiments used in the fits and averaging. Δ*C*~*p*~ was held at a constant 690.085 (estimated by COREX). The fitted Δ*H*° is the intrinsic enthalpy of unfolding where Δ*S*~translation~ = 0. See text for further description. The subtle shifts in *T*° prevented accurate determination of changes in proton binding.

![Differential scanning calorimetry of TSG101cc at various pH's and concentrations. All of these data are normalized to the moles of monomeric protein and offset vertically for visual purposes. Data are shown as black lines and the associated fits are gray lines. Concentration and pH are as follows: (1) pH 6.7 (a) and (b) 414 μM, (c) 295 μM, (d) 200 μM; (2) pH 7.2, (a) 590 μM, (b) 414 μM, (c) 295 μM, (d) 147 μM; (3) pH 7.5, both at 416 μM. Each scan was reproduced with nearly 99% of the protein refolding.](bi-2017-004698_0004){#fig4}

Analytical Ultra-Centrifugation (AUC) {#sec3.3}
-------------------------------------

Equilibrium AUC was also used to probe TSG101cc's oligomeric state. Thermal denaturation has the potential to conceal unstable intermediates, as the unfolded state rapidly increases in probability with increasing temperatures. Centrifugation of TSG101cc at 20 °C, however, allows us to challenge the findings obtained from CD and DSC. To increase the sensitivity to partially unfolded or different oligomeric states, TSG101cc was end-labeled with pyrene using a Cys residue incorporated into the N-terminal tag (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf) for sequences, mass spectrometry, and fluorescence), and detection was facilitated with absorbance optics.

Shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} is a representative AUC trace at 9 μM. A two-state fit of the data reveal a monomer--tetramer equilibrium that is consistent with the CD and DSC results: MW = 9778 ± 295 Da, stoichiometry = 3.97 ± 0.11, ln(*K*~d~) = −39.41 ± 1.51, *K*~d~ = 7.66 × 10^--18^ M^3^, RMSD = 0.01003. Of note is that a one-state fit is inconsistent with the known monomeric mass (∼9313 Da monomeric mass by MALDI, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)) and produces skewed residuals at higher rotor speeds (MW = 35775 ± 102 Da, RMSD = 0.01101). Similarly, a three-state fit was precluded as it produced no justifiable improvement of the residuals over the two-state fit. Importantly, the *K*~d~, as measured by AUC corresponds to a stability of 23.0 ± 0.9 kcal/mol-cooperative unit at 20 °C, which is consistent with our thermal measurements (CD at pH 7.2 and 20 °C Δ*G* = 23.2 kcal/mol-oligomer, and DSC Δ*G* = 15.8 kcal/mol-oligomer). The agreement between the DSC, CD, and AUC measurements strongly suggests that under native and denaturing conditions, no appreciable amount of oligomers other than tetramer are populated.

![AUC of the TSG101cc. The top panel is baselined data from a channel loaded with 9 μM TSG101cc-pyrene. Data are points and two-state fits are black lines. The lower two panels are residuals from two and one state fits, respectively. Note that at higher rotor speeds, the residuals are tilted in the one-state case. The absorbance shown is for 329, 330, and 329 nm at 29, 37, and 44 krpm, respectively.](bi-2017-004698_0005){#fig5}

Structural Thermodynamic Analysis Using COREX/BEST {#sec3.4}
--------------------------------------------------

To investigate the structural stability of TSG101cc, the crystal structure of the tetrameric complex was analyzed using the COREX/BEST algorithm.^[@ref38],[@ref39]^ COREX/BEST uses the high-resolution structure as a template from which to derive an ensemble of partially unfolded states. The fundamental assumption in the COREX algorithm is that conformational fluctuations can be modeled as local unfolding, and that the folded regions in each state can be represented by the high-resolution structural coordinates. Different states are generated by systematically unfolding all regions (in eight residue windows) of the protein in all combinations, thus producing an ensemble that ranges from the fully unfolded state, in which all regions are unfolded, to the fully folded state, in which no regions are unfolded. The energetics were determined using the well-established calorimetric parametrization of the enthalpy and heat capacity as described elsewhere.^[@ref39]−[@ref46]^

The output of COREX/BEST is a profile of the residue-specific stability of the molecule, which is presented from the N to C terminus ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). Because COREX/BEST generates an ensemble, the residue-specific stability is described at every position by the expression:where the stability at any position *j* is simply the ratio of the summed probability of all states wherein residue *j* is in a folded region, to the summed probability of states wherein that residue is in a nonfolded region. As such, high stability constants (i.e., *RT* ln\[κ~f~\]) correspond to regions where the probability of states wherein residue *j* is folded is high, while lower stability constants are found in regions where the probability of states wherein residue *j* is not folded is high. Importantly, the stability constants determined by COREX/BEST can be compared with the protection factors obtained from hydrogen exchange experiments under conditions where protection reports on a stability (i.e., under EX2 conditions). The excellent agreement between COREX and a test set of proteins suggests that the regional differences in stability determined from COREX are meaningful.^[@ref47]^

![(A) COREX/BEST residue stability analysis for chain A of pdb: 3iv1, at pH 7 and 293.15 K. The *y*-axis is the energy of unfolding a given residue on the *x*-axis. Laid horizontally from N to C-terminus is chain A from the tetramer structure, depicted as a ribbon. A gray dashed line indicates an energy of 0 and was used as the upper limit for the red coloring of the structure. The upper limit for blue coloring was +15. (B) The molecular surface of the TSG101cc tetramer is colored here as above. The N and C-termini of chains B and D are labeled to highlight the antiparallel nature of the tetramer ("N~B~" etc.). (C) Zoom in of the proposed H-bond network is shown with residues E262 and H269 of all the chains. The H-bonds predicted by Chimera are shown as solid lines, except one with relaxed constraints as a dashed line. Chain A = light gray, chain B = green (cut away), chain C = pink, chain D = blue (cut away).](bi-2017-004698_0006){#fig6}

Analysis of the COREX results for TSG101cc reveals two important features. First, both ends of the homotetrameric coiled coil are predicted to be unstable and largely disordered in solution ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A,B). This is consistent with the fact that the ends of each chain are not in contact with one another in the high-resolution structure, and thus lack the interhelix stabilization that is characteristic of coiled-coils.^[@ref34],[@ref48]^ Such fraying of coiled-coil ends has been observed in other proteins.^[@ref49],[@ref50]^ Second, the central portion of the coiled-coil is predicted to be highly stable, which is consistent with the high degree of interhelical surface buried between the individual monomers in the coiled-coil.

A slight decrease in the stability of the central portion of the coiled-coil region is also observed. This decrease is accompanied by an increase in the residue--specific conformational entropy of unfolding of the central portions of the TSG101cc. The increased conformational entropy and decreased stability is in part related to the presence of a glycine (Gly) residue in the center of the helix (Gly268, which is a.a. 40 in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, see [Supplementary Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)) which increases the conformational entropy of states wherein Gly268 is unfolded, thus destabilizing helical states by ∼1.0 kcal/mol. Indeed, it is this destabilizing conformational entropic effect that largely accounts for the infrequency of Gly residues within helices of folded, globular proteins.^[@ref40]^

We note the presence of Gly at position 268 is immediately followed by His 269, which is part of an interhelical H-bond network involving Glu262 of chain A, His269 of chain B, His269 of chain C, and Glu262 of chain D, all of which are observed in the X-ray structure ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C) (and which are predicted to be hydrogen bonded using the program Chimera^[@ref51]^). We also note that the two H-bonding networks per tetramer would, upon dissociation, release one proton per each histidine pair, producing a net release of two protons per tetramer, a value that is in good quantitative agreement with our experimental results. Interestingly, such an H-bond network could also play a role in setting the register and orientation of the coiled-coil, as seen in some other natural and engineered coiled-coils.^[@ref52],[@ref53]^

A more detailed analysis of the COREX/BEST results provides access to the thermodynamic mechanism underlying the homotetramer stability. COREX calculates the unfolding energetics based on changes in solvent accessible apolar (ΔASA~ap~) and polar (ΔASA~pol~) surface area between states, from which Δ*C*~*p*~, Δ*H*~solvation~, and Δ*S*~solvation~ can be determined.^[@ref23]^ Two other components of the entropy change can also be determined: The conformational entropy, Δ*S*~conformation~ can be calculated based on backbone and side chain rotomers, as described previously,^[@ref40],[@ref54]^ and the translational and rotational entropy, Δ*S*~translation~, for each oligomeric state can be calculated given the stoichiometry.^[@ref55]^

[Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} contains the structural thermodynamic analyses of the TSG101cc homotetramer as well as the intermediate oligomeric states, generated in silico by deletion of excess chains. The calculated Δ*G*~total~ and Δ*C*~*p*~ for the tetramer are in agreement with the values measured experimentally (COREX: 5.2 kcal/mol-monomer and ∼650--690 cal/K/mol-monomer, respectively), suggesting the algorithm adequately captures the underlying thermodynamic basis of TSG101cc stabilization. Inspection of the detailed mechanism reveals that the major determinant of the stability of the tetramer is the apolar surface buried in the binding interface between helical monomers. Specifically, the burial of apolar versus polar surface area (on a per residue basis) is significantly higher for the tetramer than for the trimer, dimer, or monomer (1.2-, 1.6-, 2.5-fold more ΔASA~ap~ in the tetramer, respectively). Of note is that the lower order oligomers are predicted by COREX/BEST to be significantly less stable than the homotetramer, which is also consistent with the experimental results.

###### Structural Thermodynamic Analysis of the TSG101cc at 20 °C (293.15 K)[a](#t3fn1){ref-type="table-fn"}

  parameter                  monomer   dimer    trimer   tetramer
  -------------------------- --------- -------- -------- ----------
  ΔASA~Apolar (Å̂^2^)~        1331      2105     2776     3382
  ΔASA~Polar (Å̂^2^)~         2645      2834     3077     3345
  Δ*C*~*p* (cal/K mol)~      --88      211      449      652
  Δ*H*~generic (kcal/mol)~   75.5      63.0     55.5     50.8
  Δ*S*~solv (cal/K mol)~     --70      --158    --232    --297
  Δ*S*~conf (cal/K mol)~     390       420      429      449
  Δ*G*~generic (kcal/mol)~   --18      --13.7   --2.26   6.11
  Δ*G*~trans (kcal/mol)~     0         --0.77   --0.92   --0.95
  Δ*G*~total (kcal/mol)~     --18      --14     --3.2    5.2

All values are relative to moles of monomer and refer to the unfolding reaction. Note that the tetramer Δ*G*~total~ calculated here is close to the values we measured experimentally (CD = 5.8, DSC = 4.0, AUC = 5.7 kcal/K·mol-monomer). The translational energy of dissociation was calculated as in ref ([@ref55]).

To estimate the relative stability of the TSG101cc heterotrimer, a structural analysis of the yeast ESCRT1 coiled-coil (pdb: 2p22) was also performed.^[@ref8]^ The results reveal a binding interface that is 77% apolar, compared to 75% for the TSG101cc homotetramer ([Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf), respectively). Analysis of the results ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)) also reveals the stability of the ESCRT1 coiled-coil fragment to be similar to the TSG101cc homotetramer, suggesting that under such conditions the relevant equilibrium would involve TSG101cc homotetramer, unfolded TSG101cc monomer and ESCRT1 heterotrimer, with no appreciable accumulation of the other TSG101cc homo-oligomeric species. Consistent with our results, experimental analysis of the full-length ESCRT1 complex revealed that it sediments as a tightly bound, single species in AUC.^[@ref8],[@ref11]^

Finally, to establish context for the TSG101cc analysis presented here, we also compared our results to other oligomeric proteins, including five other coiled-coils. As [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf) reveals, the packing of hydrophobic residues is not unique to the TSG101cc. Although our results reveal a similar amount of hydrophobic surface buried in other coiled-coil interfaces, TSG101cc is less stable (i.e., lower *T*°) than most other mesophilic, oligomeric proteins, with the difference arising from the accumulation of small differences in polar free energy and conformational entropy. In short, although TSG101cc has clearly not evolved to populate homotrimeric and homodimeric states, it also does not appear to have evolved to strongly homotetramerize, as both the calculations and our experimental results clearly reveal.

Discussion {#sec4}
==========

In this study, we set out to understand the oligomerization of the human TSG101cc in solution. In isolation, we find that the coiled-coil domain significantly populates only two states, a homotetramer and a monomer. Our thermodynamic analysis indicates that the intermediate homo-oligomeric states would likely be unstable because hydrophobic packing present in the homotetrameric interactions is missing in the homotrimer/dimer. This has broader implications and immediately suggests that TSG101cc interacts with its binding partners via large, hydrophobic interactions, a supposition that is supported by thermodynamic analysis of the ESCRT1 coiled-coil. Without significant hydrophobic interactions, hetero-oligomers would be unstable relative to the TSG101cc homotetramer.

We also found that the TSG101cc tetramer releases ∼2.0 protons per tetramer upon unfolding. This is consistent with our analysis of the homotetramer structure (pdb: 3iv1). The four histidine residues at position 269 would likely release two protons upon unfolding of the tetramer producing 0.5 protons per monomer. It is unclear why the TSG101cc evolved to be stabilized as pH is lowered, although we do note that cellular pH can vary from ∼5.7---7.4 depending on various cellular states.^[@ref56]−[@ref61]^ Determining if these subtle pH changes affect TSG101 function in vivo awaits further study.

Lastly, we find that the tetramer of the TSG101cc is relatively unstable. Compared to the other tetramers ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b00469/suppl_file/bi7b00469_si_001.pdf)), TSG101cc has the lowest *T*° and the second lowest Δ*G*°~20 °C~. This suggests that the unfolded monomer plays a thermodynamically significant role in the functional equilibrium. Even at some of the highest TSG101cc concentrations at pH 7.2, the TSG101cc unfolding curve begins in a physiological temperature range. At more physiological concentrations, the apparent *T*~m~ of unfolding is ∼37 °C or lower, suggesting that the reservoir of TSG101cc is a balance of monomer and tetramer. Importantly, because the monomer--tetramer equilibrium is poised near the midpoint, it is most sensitive to concentration changes, meaning that any TSG101 that is sequestered by the ESCRT complex would be readily replenished by a shift in the tetramer to monomer equilibrium. The fact that the stability appears to be tuned by the presence of the conserved residues E262, G268, and H269 (and the corresponding interchain H-bond network) suggests that functional equilibrium is subject to fine-tuning from both pH and concentration changes.

While the TSG101cc by itself is weakly stable, we hypothesize that other interactions in full-length TSG101 may stabilize a homotetramer. It has been known for over a decade that the N-terminal, UEV domain of TSG101 binds a short peptide motif, P(S/T)AP, that is present in many animal and viral proteins that bind TSG101.^[@ref62]−[@ref64]^ C-Terminal to the coiled-coil of TSG101 is a PTAP motif that can bind the TSG101 UEV domain.^[@ref65],[@ref66]^ At the time of its discovery, Pornillos and colleagues proposed that each TSG101 molecule looped around and bound itself---forming an autoinhibited state that other ESCRT proteins would be unable to bind. Here, we can add to this hypothesis by proposing that each TSG101 molecule engages in domain swapping in its tetrameric state ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). Because every other strand of the coiled-coil runs antiparallel to its neighbors, the UEV domain of a neighboring strand could bind the C-terminal PTAP motif of an adjacent strand ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B).

![(A) Reaction scheme depicting the main discoveries of this work. On the left, each chain of the TSG101cc tetramer is depicted as atom spheres with carbons in darker colors than the other atoms (pink, gray, green, blue). At the top and bottom, the TSG101cc is depicted as a ribbon in the same colors. On the right, the TSG101cc homologue, vps23, is blue (vps27 is gray and mvb12 is pink, adapted from pdb: 2p22). The arrows are based on structural thermodynamic analyses, presented here, and experimental data presented here for TSG101cc or elsewhere for ESCRT1.^[@ref8],[@ref11]^ (B) The proposed structural model for the TSG101 tetramer. Each chain of the coiled-coil tetramer is depicted as in part A of this figure. The N-terminal UEV domain of the pink chain is depicted as a ribbon,^[@ref64]^ and was docked^[@ref69]^ to the TSG101 PTAP sequence of the blue chain (the original PTAP in pdb: 3obu is the HIV sequence, with little difference). The structure of the UEV domain bound to ubiquitin^[@ref68]^ was aligned with pdb: 3obu, and ubiquitin is colored dark gray; note that the PTAP motif does not occlude ubiquitin binding. The C-terminal S-box of the blue TSG101cc chain is depicted as a ribbon.^[@ref70]^ Unstructured regions are shown as dashed lines with arrows going from N to Ctermini. There would be three other UEV domain:PTAP interactions not shown here.](bi-2017-004698_0007){#fig7}

Although the model hypothesized in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B is speculative, it does provide context to the results presented here and provides potential avenues for further study. The complex shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B would likely be highly stable and autoinhibited. Indeed, in vivo evidence does exist for an autoinhibited state of TSG101. Specifically, mutation of mouse TSG101's PTAP motif caused a precipitous increase in TSG101's association with the ESCRT0 protein, HRS, as determined by yeast two-hybrid.^[@ref67]^ In its natural context, TSG101 could take advantage of the homotetramer--monomer equilibrium to serve as the TSG101 reservoir, from which the ESCRT1 complex could draw. Local increases in concentration of TSG101 binding partners such as HRS^[@ref66]^ or ubiquitin^[@ref68]^ that both bind to the UEV domain of TSG101 could sequester TSG101 monomers. In any event, the model proposed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B reveals numerous possibilities for how TSG101 function can be affected by changes in stoichiometry, which can affect both inter- and intramolecular interactions, possibly in complex ways. For instance, to bind the TSG101 UEV domain, the HRS PSAP motif may have to displace the TSG101 PTAP motif. However, because it has been shown that the TSG101 PTAP binds its UEV domain approximately 1.5--fold better than does the HRS PSAP motif,^[@ref66]^ other domains are likely to play a role in mediating this interaction. Is it the case that binding of ubiquitin, for example, allosterically (or directly) destabilizes binding of the TSG101 PTAP motif, thereby releasing the UEV domain for binding to HRS? Although the answer to this question awaits further study, the fact that the concentration of available TSG101 monomer is within a tunable range suggests that dynamic availability of TSG101 may be a key determinant in HRS function.

Conclusion {#sec5}
==========

In this work, we used solution and structural thermodynamics to define the oligomeric states of the TSG101 coiled-coil in vitro. We find evidence that TSG101cc evolved a highly cooperative association event that is stabilized by hydrophobic interactions and acidic pH, which gives us several clues as to how TSG101cc forms its hetero-oligomers not just with ESCRT1 but also with nuclear hormone receptors. The information gained here leads to new hypotheses that could inform future studies involving full-length TSG101 and its binding partners.
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